ABSTRACT Proton NMR experiments on an intact plasmid supercoiled DNA molecule are reported. Spectra of the hydrogen-bonded exchangeable imino protons and nonexchangeable aromatic protons of pIns36 (7,200 base pairs; Mr 5 X 106) were examined at 240 and 360 MHz. In contrast to linear DNA of comparable size in which the signals from these protons are broadened almost beyond detection, the supercoiled DNA exhibits a remarkably well-resolved spectrum in the range 12-15 ppm, with linewidths characteristic of linear DNA molecules with molecular weight nearly two orders of magnitude smaller. These results imply an extraordinary degree of mobility in accord with our earlier discovery of unusually long 31p spin-spin relaxation times in the supercoiled molecule. Alterations in the chemical shift of the imino proton resonance positions in supercoiled DNA compared to linear DNA imply that the structure is modified in the A T base pairs with at least two distinct structures apparent from the spectrum. However, little or no alteration is evident in the resonances due to the G'C base pairs. METHODS AND MATERIALS Plasmid pIns36 was derived from plasmid pBR322 by subcloning a 2.8-kb human DNA fragment into the HindIII site of pBR322. pIns36 was grown and amplified in Escherichia coli HB 101. The plasmid DNA was extracted by the alkali/NaDodSO4 method (3), and the closed circular DNA was isolated from an ethidium bromide/CsCl buoyant density gradient (4).
Double-stranded DNA in natural environments is often in the form of covalently closed circles in which the helix axis forms tertiary loops, which are referred to as superhelical turns. Supercoiled DNA has some unique physical and chemical properties, and the closed circular, superhelical form is required in a number of genetic processes (1) . We recently reported NMR experiments performed on supercoiled DNA, in which we compared the 31P relaxation properties of closed circular, nicked circular, and linear pIns36, a 7,200-base pair (bp) [7. 2-kilobase (kb)] plasmid DNA that incorporates the 2,800-bp human insulin gene (2) . ' Te results revealed an unusually high degree of overall mobility for the backbone of supercoiled DNA and led us to believe that relatively well-resolved spectra of other nuclei might be obtained in spite of the high molecular weight (Mr 5 x 106). Here, we report 1H NMR experiments on intact plasmid supercoiled DNA that qualitatively confirm the conclusions from our previous 31P study and demonstrate the potential of this approach for investigation of many characteristic physical and chemical properties of supercoiled DNA.
METHODS AND MATERIALS
Plasmid pIns36 was derived from plasmid pBR322 by subcloning a 2.8-kb human DNA fragment into the HindIII site of pBR322. pIns36 was grown and amplified in Escherichia coli HB 101. The plasmid DNA was extracted by the alkali/NaDodSO4 method (3) , and the closed circular DNA was isolated from an ethidium bromide/CsCl buoyant density gradient (4) .
(Typical yields were 2-4 mg of supercoiled DNA per liter of culture.) NMR samples were obtained by dialysis first against a pH 7 buffer containing 1 M NaCl, 0.05 M phosphate, and 1 mM EDTA; this was followed by a dialysis against 0.02 M NaCi, 0.01 M phosphate, and 0.5 mM EDTA. Samples were then reconstituted after lyophilization in 2H20 or 90% H20/10% 2H20 to final concentrations of 0.04 M NaCi, 0.02 M phosphate, and 1 mM EDTA; DNA concentration was determined by UV spectroscopy by usingA260 = 6,600. The DNA was shown to be >90% in the supercoiled form with a small amount of nicked, circular DNA by using 1.5% agarose gel electrophoresis before and after NMR experiments as described (2) .
Calf thymus DNA (Sigma) was sonicated at 00C in solutions containing about 1 mg of DNA per ml and 0.5 M NaCl. Size distributions were determined by 1.5% agarose gel electrophoresis (2) . NMR samples were obtained and concentrations determined as above.
RESULTS AND DISCUSSION
We recorded the 1H NMR spectra of pIns36 as well as two samples of calf thymus DNA that had been sonicated to produce size distributions of 200-700 and 600-10,000 bp, respectively. The supercoiled pIns36 sample was sufficiently precious that we chose not to degrade it to its nicked, circular, and linear forms for the present 1H NMR study as we did for the 31P NMR study (2) . Instead, we selected the two calf thymus DNA samples as representative linear DNA for comparison with supercoiled pIns36. The proton NMR of linear DNA samples reported thus far has revealed little diversity, with our calf thymus DNA samples displaying the same characteristics. The 240-MHz spectra of the nonexchangeable protons in 2H20 at 240C were roughly similar for all three samples and resembled previously published spectra of medium-length (200-1,000 bp) DNA fragments (5). The imino proton resonances of DNA from salmon sperm, calf thymus, and 12-, 43-, and 69-bp restriction fragments from a digest of a pVH51 plasmid are centered at 12.7 ppm for the G-C proton and at 13.7 ppm for the A-T proton (6, 7) . Furthermore, the increased line broadening observed in the present investigation with the larger calf thymus sample is entirely consistent with the more detailed 1H NMR studies of various DNA samples of different size (6, 7) as well as our 31P NMR experiments on supercoiled, circular, and linear forms of pIns36 (2) . For all three samples examined in the present investigation, the aromatic resonances of H8, H2 (for A and G), and H6 (for T and C) appear in an isolated band between 7 and 8.5 ppm; the apparent widths and relaxation times of this band in the three samples are listed in Table 1 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Nadl Acad. Sci. USA 80 (1983) 3285 is not as pronounced as for the phosphorus in the backbone (2), and no fine structure could be detected in the aromatic proton signal of pIns36. Spectra of the exchangeable imino protons of the DNA samples are shown in Fig. 1 . Clearly, the imino proton resonance linewidths are strongly dependent on whether the DNA is supercoiled or linear (e.g., Fig. 1 B versus C) . There are three possible reasons for the relative effects of the DNA state on imino versus aromatic proton resonance linewidths: (i) different influence of molecular motions, (ii) variation of chemical shift dispersion, and (iii) change in imino proton exchange kinetics with DNA state. Present evidence indicates that all three sources may influence the observed imino proton linewidths.
Early et aL (6, 7) previously observed that the effect of DNA size on the linewidths is much stronger for the hydrogen-bonded imino protons than for the aromatic protons. As suggested (6), the reason for this might be that the spin-spin relaxation rate of the carbon-bound aromatic protons has significant contributions from fast internal motions in the sugar moiety, which mask the influence of the overall tumbling rate on T2. Our observations certainly agree in that the imino proton resonances are more sensitive to the state of the DNA (superhelical versus linear) than the aromatic resonances. The resolution is significantly decreased for the larger linear DNA fragments (0.6-10 kb) compared to the 200-to 700-bp sample (Fig. 1) . Presumably, intrinsic imino proton linewidths in large linear DNA are dominated by the slow isotropic reorientation rates that apparently occur on a microsecond time scale (9) . Consequently, the dramatic line narrowing in the 7.2-kb supercoiled molecule (Fig. 1) to widths even narrower than in linear DNA at least 1/ 10th as small must reflect a significant increase in overall mobility of the bases in the supercoiled molecule.
As is evident from Fig. 1 , the apparent resolution does not change dramatically when the temperature is lowered from 24 to 110C or when the resonance frequency is increased from 240 to 360 MHz. This suggests that spin-spin relaxation via motional tumbling is not the dominant source of the observed imino proton linewidths, because this would cause the resolution to decrease at lower temperature and to improve at the higher field. However, if the rate of imino proton exchange dominated the linewidths, lowering the temperature or raising the field would result in narrower linewidths. If chemical shift dispersion dominated the linewidths, poorer resolution would be expected at higher field. A combination of factors limits the resolution, but a more detailed study will be necessary to quantitate these effects.
Based on previous experience (10) , it is reasonable to assign the band that is centered around 12.6 ppm in the supercoiled DNA spectrum to the N(1) protons of the G-C base pairs (with Sample concentrations and conditions are as in Table 1 except the solvent is 90% H20/10% 2H20. (Fig. 1A) , these res-onances are centered at 12.7 and 13.7 ppm, respectively. It should be noted that the resonances at 14.0 and 14.3 ppm are too far downfield to be ascribed to G-C base pairs by using structures similar to those presently known for DNA (10, 11) . Therefore, we conclude that the majority of the hydrogen-bonded protons in the AFT base pairs of supercoiled DNA experience structural (or dynamically averaged or both) environments that are different than in the B-DNA structure of the linear sample. Gel electrophoresis of the sample showed no linear DNA, but a small amount (<10%) of nicked, circular DNA was present. The small peak at 14.0 ppm may arise from nicked, circular DNA. Small upfield shifts were previously observed for AFT base pairs in short fragments with increasing temperature (12, 13) and were interpreted as premelting phenomenai. e., the existence of a fast equilibrium between the closed and a "cracked" (13) or open state (14) but certainly a state with altered structure (12) . Calculations predict a much higher (equilibrium) probability for open base pairs in the supercoiled molecules as a consequence of the large excess free energy trapped in the closed structure (15) . Apparently, another population of the A-T imino protons experience a downfield shift (the resonance at 14.3 ppm). The existence of a "base-opened state" about 5 kcal/mol higher in enthalpy than the Watson-Crick form for AFT pairs has been suggested on the basis of proton exchange kinetics by Mandel et aL (16) . Molecular mechanics calculations in this laboratory have suggested that such a structure can be readily formed with little energy expenditure by non-Watson-Crick base pairing of AFT, but not of G-C pairs (17) . It is tempting to speculate that part of the spectral changes in the AFT region may be attributed to such "partially opened" structures, which might be more readily observed in the spectrum of supercoiled (versus linear) DNA due to the larger population of higher energy structures anticipated from the reactivity of supercoiled DNA to singlestranded-specific reagents and endonucleases (1) . In addition, the exact effects of over-or underwinding the double helix (a possible occurrence in supercoiled DNA) on the chemical shifts of the imino protons remain to be calculated. However, what is evident from the spectrum is that there are discrete structures manifested by the A T imino proton resonances rather than a continuum of structure.
